The neural crest and cranial ectodermal placodes are traditionally thought to be unique to vertebrates; however, they must have had evolutionary precursors. Here, we review recent evidence suggesting that such ancestral cell types can be identified in modern nonvertebrate chordates, such as amphioxus (a cephalochordate) and ascidians (urochordates). Hence, migratory neuroectodermal cells may well have been present in the common ancestor of the chordates, such that the possibility of their existence in non-chordate deuterostomes (hemichordates and echinoderms) must also be considered. Finally, we discuss the various non-neuronal cell types produced by the neural crest in order to demonstrate that it is plausible that these different cell types evolved from an ancestral population that was neuronal in nature.
Introduction
It has classically been assumed that the neural crest and ectodermal placodes are uniquely vertebrate cell types. Migratory cell populations that give rise to typical neural crest and placode derivatives (peripheral neurons and glia, melanocytes, cartilage and bone) are thought to be lacking both in non-vertebrate chordates (tunicates and cephalochordates) and in non-chordate deuterostomes (echinoderms and hemichordates; see Fig. 1 for deuterostome phylogeny) (Wada and Satoh, 1994; Turbeville et al., 1994; Nielsen, 1995; Peterson, 1995) . If the evolution of the neural crest and placodes was a vertebrate-specific event, it may have been associated with the genome-wide duplication events that occurred at the origin of the vertebrates (see Holland et al., 1994; Holland and Garcia-Fernàndez, 1996) . Gene duplications are permissive for the evolution of new gene functions, since one of the duplicated genes can diverge and become co-opted for new functions (see Thomas, 1993) . While gene duplication enables the evolution of additional cell types, its occurrence cannot, on its own, tell us how new cell types evolved. The most ancient living (jawless) vertebrates, hagfish and lampreys, already have most of the spectrum of neural crest and placode cell derivatives (see Maisey, 1986; Braun, 1996; Northcutt, 1996) , as did early fossil vertebrates, as far as we can tell (see Forey and Janvier, 1993; Smith and Hall, 1993) . Because there are no intermediate forms with rudimentary neural crest or placodes, we have no evidence for how these cells evolved and we can only speculate about their evolutionary origin. However, neural crest and placodes cannot have appeared spontaneously. Some evidence for potential evolutionary precursors of the neural crest and/ or placodes must exist in non-vertebrate chordates and/or in non-chordate deuterostomes (see Fig. 1 ). It is possible that such cell populations might have been present in the common ancestor of the chordates and retained in the vertebrates, but lost independently by tunicates and cephalochordates.
In the first part of this review we discuss the evidence for the existence of such precursor cells. In addition to more classical studies, exciting recent evidence suggests that amphioxus, a cephalochordate, has a population of migratory ectodermal cells that originates at the neural plate border , while ascidians (urochordates) have a population of peripheral neuroendocrine cells that may delaminate from the remnant of the embryonic neural tube (Mackie, 1995; Powell et al., 1996) . Also, ascidian and amphioxus homologues of the vertebrate Snail gene, which in vertebrates is expressed very early at the neural plate border in presumptive neural crest cells (Essex et al., 1993; Thisse et al., 1995) , have recently been isolated (Corbo et al., 1997a; J. Langeland, pers. commun.) . In both ascidian and amphioxus embryos, Snail gene homologues are expressed in cells at the lateral neural plate border (Corbo et al., 1997a; J. Langeland, pers. commun.) . Thus, neural crest/placode-like cells may have existed in the common ancestor of the chordates.
In the second part of the review we discuss possible explanations for how the multiple cell types derived from the neural crest (melanocytes, cartilage-forming cells and so on) may have arisen from an ancestral population that was presumably neuronal in nature. Much of this discussion is necessarily speculative. Hopefully, some of this speculation will ultimately be testable, but our primary aim is to stimulate interest and provoke discussion.
What are neural crests and placodes? How closely are they related?
The neural crest is generated at the border between the prospective neural plate and epidermis in the prospective neural folds (Selleck and Bronner-Fraser, 1995 ; reviewed by . Neural crest cells delaminate from the neuroepithelium and migrate extensively throughout the embryo. They form sensory and autonomic neurons, neuroendocrine cells, glia and melanocytes; in the head, they also produce smooth muscle, dermis, cartilage, dentine and bone (see Table 1 ). We should bear in mind, when considering the evolution of the neural crest, that the distinction between neural crest cells and cells of the central nervous system is not absolute, i.e. they share a common lineage (Bronner-Fraser and Fraser, 1988; Fraser and Bronner-Fraser, 1991; Selleck and Bronner-Fraser, 1995; Sharma et al., 1995) and even ventral neural tube cells can form bona fide neural crest cells if treated with BMPs Turbeville et al., 1994; Wada and Satoh, 1994) . Fig. 2 . Chick embryo fate-map showing the position of presumptive placodes in the non-neural ectoderm (redrawn and modified after Rosenquist, 1981) . np, neural plate; epid, epidermis; NC, neural crest. (Liem et al., 1995) or grafted into neural crest migration pathways (Korade and Frank, 1996) .
Placodes (reviewed by Le Douarin et al., 1986; Webb and Noden, 1993) are discrete regions of thickened columnar epithelium on the head that are induced to form by different regions of the neural tube ( Fig. 2) (Jacobson and Sater, 1988) . Some placodes (otic, lateral line, epibranchial) form in the ectoderm adjacent to the neural tube. The olfactory, adenohypophyseal and trigeminal placodes apparently originate within the neural folds (Couly and Le Douarin, 1985; Couly and Le Douarin, 1987; Couly and Le Douarin, 1990; Eagleson and Harris, 1990) ; however, as the neural folds also contain epidermis, these placodes probably still form within the epidermis (Stark et al., 1997) , as suggested by the placodal fate-map (see Fig. 2 ) (Rosenquist, 1981) . Placodal derivatives include ciliated sensory receptors, sensory neurons, neuroendocrine and endocrine cells, glia and other supporting cells (see Table 1 ). Some placodes do not give rise to migratory cells (lens, adenohypophyseal). The otic and lens placodes invaginate to form a vesicle; cells subsequently delaminate from the otic vesicle and form the acoustic ganglion. For the other placodes, individual cells delaminate and migrate varying distances to their targets; lateral line placodes in fish and amphibia migrate from the head to the tip of the tail.
Neural crest and placode cells share many similarities. Both originate from regions of columnar neurogenic epithelium lying between the neural plate and the surrounding non-neural epidermis. Both cell types undergo an epithelial-to-mesenchymal transition and delaminate from the neuroepithelium; both are capable of extensive migration. Their derivatives overlap to some extent in that both form sensory neurons, glia, neuroendocrine cells and cells secreting special extracellular matrices (see Table 1 ).
However, there are also obvious differences between placodes and the neural crest. Placodes seem to be induced by particular regions of the neural tube and are confined to the head (see Webb and Noden, 1993) , while neural crest cells form at the interface of neural plate and epidermis along the whole rostro-caudal axis (except the most anterior, where olfactory and adenohypophyseal placodes form). Placode cells do not normally form melanocytes or autonomic neurons (although see Kirby, 1988) , or produce mineralized matrices like bone and dentine. Only a very few neural crest cells (Collazo et al., 1994) form ciliated sensory receptors. It is therefore clear that neural crest and placodes differ in important ways that may reflect differences in their evolutionary origin.
The migratory ability of neural crest and placode cells is not unique
One important point is that the ability of neural crest cells and placodes to undergo an epithelial-to-mesenchymal transition and migrate is by no means unique. Migration is a characteristic of many neuronal cells. Even within vertebrates, the sculpting of the central nervous system is largely dependent on cell migration. Many invertebrate nervous systems are built by migrating cells. For example, in Hydra (a cnidarian), which has the simplest and most ancient type of nervous system, individual cells delaminate from the epithelium and migrate extensively between different body regions to build the nerve net (Technau and Holstein, 1996; Hager and David, 1997) . The entire central nervous system of the mollusc Aplysia is generated by migratory cells that delaminate from specific regions of columnar ectoderm and either stream inward as a column of cells (cf. placodes), or extend processes and crawl as individuals or in small clusters (cf. neural crest; Jacob, 1984) . The gut-innervating enteric plexus in the moth Manduca develops from cells that proliferate within an epithelial placode, delaminate and migrate extensively (Copenhaver and Taghert, 1990 ; also see Copenhaver and Taghert, 1991; Copenhaver, 1993) . In Drosophila, the enteric ganglia are generated from three epithelial placodes; these invaginate to form vesicles, which dissociate into solid cell clusters that migrate on the foregut wall (see Hartenstein et al., 1996) . Hence, many neural cells, in many different phyla, undergo an epithelial-to-mesenchymal transition and migrate. These Muske (1993) , Webb and Noden (1993) and Collazo et al. (1994) .
invertebrates provide independent lineages for testing the mechanisms by which a migratory phenotype can be induced in neurectodermal cells.
Are neural crest and placode cells unique to vertebrates?
Vertebrates are chordates; the other chordate sub-groups are the tunicates (urochordates) and cephalochordates (Figs 1, and 3). All chordates have, at some or all stages of their life history, a perforated pharynx used in filter-feeding and/or gas-exchange, a dorsal hollow nerve cord that integrates sensory input and coordinates motor function, a notochord that is not attached to the gut and a muscular post-anal tail. The non-feeding tadpole larva of ascidian tunicates embodies all these characteristics apart from the pharynx, which is found in the sessile filter-feeding adult stage. The ascidian tadpole is often used as a model for the earliest chordates. The cephalochordate amphioxus shares more characteristics with the vertebrates, such as segmented muscles (see Maisey, 1986; Schaeffer, 1987; Peterson, 1995) and is thought to be a reasonable model for the ancestors of the vertebrates.
Although we refer to ascidians and amphioxus as 'living models' for early stages of chordate and vertebrate evolution, we cannot use these animals in isolation to infer the characteristics of chordate and vertebrate ancestors. Instead, by comparing amphioxus with vertebrates, we can learn which vertebrate characteristics are primitive (i.e. present in the last common ancestor of cephalochordates and vertebrates) and which are derived (i.e. only present in vertebrates). It must be remembered that the different chordate groups have been evolving down their own separate lineages for over 500 million years (Chen et al., 1995) .
Recent evidence for a neural crest-like population in amphioxus
The amphioxus homologue of the Distal-less gene (AmphiDll) is expressed in the ectoderm during gastrulation. It is down-regulated in the neural plate, but is expressed at high levels at the margins of the neural plate (and, to a lesser extent, in the remainder of the ventral epidermis). In the early neurula, the AmphiDllexpressing epidermis actively migrates as a sheet over the neural plate surface towards the midline. This epidermal overgrowth of the neural plate occurs before the rolling up of the neural plate to form the neural tube and seems to be unique to amphioxus. In the anterior neural plate, there are two lateral clusters of AmphiDll-expressing cells that form the dorsal half of the neural tube just posterior to the midpoint of the cerebral vesicle. At the two-gill slit stage, AmphiDll-expressing cells form the dorsal wall of the cerebral vesicle .
Although vertebrate Distal-less genes are expressed in migrating and differentiating neural crest cells (e.g. Akimenko et al., 1994; Dirksen et al., 1994; Qiu et al., 1995) , the fact that AmphiDll is expressed in these cells in amphioxus is less important than the identification of a specific, migratory cell population at the margins of the neural plate. It is interesting to note that both the epidermis and at least some lateral neural plate cells express AmphiDll. In vertebrates, both the epidermis and the neural plate contribute to neural crest cells (reviewed in Baker and BronnerFraser, 1997) . At first sight, the migration of these epider- Katz, 1983) . (B) Schematic representation of amphioxus (cephalochordate; redrawn and modified after Barnes et al., 1988) . nt, neural tube; nc, notochord; ot, otolith, ph, pharynx. mal cells towards the midline is difficult to correlate with the peripheral migration of neural crest cells. However, in the zebrafish, where neurulation proceeds by a thickening and subsequent cavitation of the neural keel, neural crest cells form at the edge of the neural plate and move towards the midline (Thisse et al., 1995) before they move peripherally.
What can be done to test whether these cells are homologous to vertebrate neural crest cells? It would be useful to examine gene expression patterns of early markers of neural crest cells, such as Snail and Slug (Essex et al., 1993; Mayor et al., 1995; Thisse et al., 1995) . It is also important to use cell-marking techniques to test whether any of these epidermal cells move peripherally and to ascertain the fate of the AmphiDll-expressing cells that come to reside within the dorsal neural tube in the brain.
Recently, an amphioxus homologue of the vertebrate Snail gene has been isolated (J. Langeland, pers. commun.). AmphiSnail, like vertebrate and ascidian Snail (Corbo et al., 1997a ) is expressed in cells at the lateral borders of the neural plate and subsequently in the dorsal neural tube (J. Langeland, pers. commun.). It will be interesting to learn whether any overlap exists between AmphiSnail-and AmphiDll-expressing cells and to discover the fate of AmphiSnail-positive cells.
Recent evidence for neural crest/placode-like cells in ascidians
The adult ascidian nervous system consists of a cerebral ganglion that sends nerves to the muscles, viscera, pharynx and other derivatives (Fig. 4) (Satoh, 1994) , together with a glandular structure, the neural gland, whose function remains unclear (Fig. 4) (Satoh, 1994) . A tube or cord of cells, called the dorsal strand, runs from the back of the neural gland through the dorsal blood sinus to the gonads (Fig. 4) (Mackie, 1995) . The ganglion, neural gland and dorsal strand are all derived from the embryonic neural tube (Willey, 1894 , quoted in Mackie, 1995 , specifically from the left-side wall of the anterior part of the larval brain vesicle (Satoh, 1994) . Exciting recent findings suggest that migratory cells may delaminate from the dorsal strand to form peripheral neuroendocrine cells and neurons.
Peripheral neuroendocrine cells
In adult ascidians, a 'visceral nerve plexus' of peripheral neurons has been described over the gonoducts (Fig. 4 ) (Mackie, 1995 and references therein) . These neurons are immunoreactive for gonadotropin-releasing hormone (GnRH) (Mackie, 1995; Powell et al., 1996) . They form a thick cluster around the dorsal strand and it is possible that the neurons of this dorsal strand plexus delaminate from the dorsal strand itself (Fedele, 1938 , quoted in Mackie, 1995 . In vertebrates, the olfactory placode gives rise to GnRHproducing neurons, which migrate from the placode into the brain (reviewed in Muske, 1993) . This ascidian GnRH-cell population therefore has interesting affinities with both neural crest and placodal cells and may perhaps provide clues to the evolution of both cell types. The origin of these cells must be established; it will also be interesting to learn if they express homologues of any neural crest-or placode-specific genes. These findings suggest the intriguing possibility that ancestral neural crest/placode cells were neuroendocrine in nature.
A group of endocrine cells in the floor of the ascidian pharynx is immunoreactive for calcitonin (Thorndyke and Probert, 1979) , a calcium-regulating hormone that in vertebrates is produced by neural crest-derived cells (reviewed in Le Douarin, 1982; Copp and Kline, 1986) . These ascidian cells appear to degranulate in response to increased calcium levels (Thorndyke and Probert, 1979) ; again, it is important to establish the origin of these cells. Given that calcitonin regulates mineralization of the vertebrate skeleton, it is provocative that a putative mineralized denticular structure was identified in the pharyngeal floor of a possible early Cambrian cephalochordate (Chen et al., 1995) . One could, therefore, look for the presence of calcitonin-producing cells in the pharynx of the living cephalochordate amphioxus. These data raise the possibility that extinct cephalochordates might have had some cell types related to classical neural crest derivatives.
Development and regeneration of the 'brain'
Bromodeoxyuridine incorporation experiments suggest that during post-metamorphic development, the adult ascidian ganglion increases in size through immigration of cells, rather than by the proliferation of cells within the ganglion (Bollner et al., 1993) . The source of these ganglion cells Fig. 4 . Schematic representation of an adult ascidian to show the relative positions of the dorsal strand, 'brain' (ganglion) and neural gland (redrawn and modified after Mackie, 1995) . a, atrium; br, branchial sac; ng, neural gland; vn, visceral nerve. may be the dorsal strand (ibid.), which, as described previously, is derived from the embryonic neural tube. The ganglion can regenerate after extirpation (see Bollner et al., 1995 and references therein) and it seems that the dorsal strand, which reforms by proliferation during the early stages of regeneration, may provide at least some cells to the regenerating ganglion (Bollner et al., 1995) . One source of cells for the regenerating ganglion has recently been found to be the GnRH-immunoreactive neurons of the dorsal strand plexus (Bollner et al., 1997) . As described in Section 4.2.1, it is possible that these neurons may themselves be derived from the dorsal strand. If it can be shown that the dorsal strand is the source of the GnRH-immunoreactive neurons and of at least some cells for the regenerating ganglion, then these cells must delaminate from the strand and migrate, even if only a short distance. This would make them remarkably similar to neural crest cells.
Snail-expressing cells
The vertebrate Snail gene family encodes various zincfinger transcription factors, most of which are expressed in neural crest cells as well as various mesodermal cell populations (Essex et al., 1993; Nieto et al., 1994; Mayor et al., 1995; Thisse et al., 1995) . Xenopus Snail and Slug and zebrafish Snail2 are also expressed at early stages at the neural plate border, where neural crest cells are induced (Essex et al., 1993; Mayor et al., 1995; Thisse et al., 1995; reviewed in Baker and Bronner-Fraser, 1997 ). An ascidian Snail gene, Ciona snail (Ci-sna) has recently been isolated (Corbo et al., 1997a) . In addition to expression in the mesoderm, Ci-sna is expressed in precursors of the neural plate border cells whose descendants form the neural folds and give rise to the lateral ependymal cells of the spinal cord (Corbo et al., 1997a) . These cells are very different from neural crest cells, but the Ci-sna expression at the neural plate border nonetheless foreshadows that seen in vertebrates.
Ci-sna is also expressed in the precursors of a dorsal portion of the cerebral vesicle and thus of the two melanin-containing tyrosinase-positive cells, the gravity-sensing otolith and the ocellus pigment cell (see Whittaker, 1973; Satoh, 1994; Corbo et al., 1997a; Sato et al., 1997) . The otolith is born high in the dorsal wall of the cerebral vesicle and migrates down past the sensory vesicle (see Fig. 3a ) to reach its final destination (Willey, 1894, quoted in Nicol and Meinertzhagen, 1988) . Interestingly, over-expressing the ascidian homologue of Pax-3 and Pax-7 (both of which are expressed in the dorsal neural tube and neural crest in vertebrates; for a recent review see Mansouri et al., 1996) leads to ectopic tyrosinase expression, although not ectopic melanin synthesis, in ventral neural tube cells (Wada et al., 1997) . It is possible that these melanin-containing cells in the ascidian CNS might represent evolutionary precursors of vertebrate epidermal melanocytes, which are all neural crest-derived (also see Section 9.3). Pigmented cells are also found in the amphioxus CNS, in the frontal eye (see Lacalli, 1996) and associated with receptor cells in the lateroventral neural tube in the cup-shaped organs of Hesse (Hesse, 1898 , quoted in Whittaker, 1997 ; also see Sarnat and Netsky, 1981) .
Other evidence for the existence of neural crest-like cells in amphioxus 4.3.1. Peripheral neurons
The adult amphioxus has many multipolar neurons over its gut and other internal organs (Bone, 1958 and references therein). These nerve cell bodies are thought to be all sensory (Bone, 1960) , since they send their axons to the central nervous system via the dorsal roots. Nothing is known about the functions of these peripheral sensory neurons (Bone, 1960) and nothing comparable exists in vertebrates, where the neural crest-derived enteric nervous system of the gut is mostly autonomic in nature (for a review see Gershon, 1997) . Interestingly, Salimova (1978) , quoted in Goodrich et al. (1980) , reported the presence of yellow formaldehydeinduced fluorescence in the endostyle and gut of amphioxus; this is suggestive of the presence of serotonergic neurons, which are present in the enteric nervous system of all vertebrates (Goodrich et al., 1980) . The existence and origin of such neurons requires further investigation. Since all vertebrate peripheral neurons are derived from the neural crest or placodes, the existence of peripheral neurons in amphioxus is intriguing. Although formally these neurons could differentiate in situ, it is possible that they originate by migration from the central nervous system, like neural crest cells.
Dorsal sensory neurons in the central nervous system
Neural crest-derived sensory neurons are all primary sensory neurons, transducing pain, temperature, touch and stretch stimuli from the skin, muscles and internal organs. Their cell bodies are all collected peripherally, in the cranial and dorsal root ganglia, except for those of the mesencephalic nucleus of the trigeminal nerve (mesV), which is essentially a sensory ganglion in the midbrain. MesV seems to be at least partially derived from the neural crest, as demonstrated by grafting mesencephalic neural crest cells that had just left the neuroepithelium from quail to chick embryos (Narayanan and Narayanan, 1978 ; also see Rogers and Cowan, 1973; Lewis and Straznicky, 1979; Fernández and Doel, 1984) . Mesencephalic neural crest cells that have migrated away from the neuroepithelium do not contribute to mesV .
MesV mainly carries proprioceptive (mechanosensory) information from jaw and extraocular muscles (see Butler and Hodos, 1996) . Morphologically and functionally, mesV neurons are comparable to sensory neurons found in dorsal root and cranial sensory ganglia; they are the largest sensory neurons in the central nervous system (see Rogers and Cowan, 1973) . Although mesV is traditionally thought to be absent in jawless fish, lampreys do possess large neurons in the octavolateralis region (medullary dorsal cells), which send axons into the trigeminal nerves (Finger and Rovainen, 1982) . Hagfish have a population of large neurons lying in the dental fascicle of the trigeminal tract that may be associated with the trigeminal nerves (Ronan, 1988) . It is possible, though unproven, that these neurons are homologous to mesV (Ronan, 1988) .
The dorsal spinal cords of lampreys, larval (jawed) fish and amphibia also contain large sensory Rohon-Beard cells, which transduce mechanical stimuli (touch and pressure from the skin) in the early larva as part of the primary sensory nervous system (see Hughes, 1957; Korzh et al., 1993; Chitnis et al., 1995) . Rohon-Beard cells are proposed to be derived from the neural crest (DuShane, 1938; Chibon, 1966 , quoted in Le Douarin, 1982 ; however, the existing evidence for this is comparatively weak as it relies on extirpation of the neural fold or its replacement by cranial neural fold (which does not produce Rohon-Beard neurons). Rohon-Beard cells are lacking after such extirpation experiments; however, this by no means proves that Rohon-Beard neuron precursors are related to neural crest cell precursors. A zebrafish mutant has recently been isolated which lacks all Rohon-Beard cells and has a significantly reduced neural crest cell population (K. Artinger, A. Chitnis and W. Driever, pers. commun.) . This provides stronger evidence for a relationship between the two cell types.
It has been proposed (Fritzsch and Northcutt, 1993 ) that the first step in the evolution of neural crest-derived sensory ganglia was the emigration of Rohon-Beard-like neurons from the neural tube, followed by the emigration of neuron precursors rather than the neurons themselves. Holtfreter (1947) showed that Rohon-Beard neurons will actively migrate out of the neural folds and even outside the epidermis if amphibian embryos are stressed by exposure to hypertonic salt solution. Interestingly, larval fish and amphibia also have large sensory neurons that differentiate within the neural tube and then migrate a short distance out of it (Hughes, 1957; Lamborghini, 1980) . These extramedullary neurons are not incorporated into dorsal root ganglia but, like Rohon-Beard neurons, form part of the primary sensory nervous system. It is therefore possible that even within the vertebrates, we may be able to study processes similar to those that may have occurred during the early evolution of the neural crest.
The existence of neural crest-related sensory neurons within the vertebrate CNS (mesV neurons and potentially Rohon-Beard cells) warrants further examination of dorsal sensory neurons in the CNS of amphioxus. Amphioxus has no peripheral ganglia (see Fritzsch and Northcutt, 1993 for a description of amphioxus spinal and cranial nerves), but it does have large sensory neurons in columns along the dorsal spinal cord. They include a segmentally-arranged population of large neurons that may be the remnant of an as-yet undiscovered larval sensory system like Rohon-Beard neurons (Bone, 1960) . Therefore, it is conceivable that amphioxus has homologues of dorsal sensory neurons that, in vertebrates, may be derived from the neural crest.
It would be interesting to learn whether homologues of neural crest-specific genes are expressed in any of these dorsal sensory neurons in amphioxus.
Evidence for the existence of placode-like cells in nonvertebrate chordates
Is there any evidence for the formation of placode-like cells in amphioxus or ascidians? Placodes form in the epidermis adjacent to the neural tube; their characteristic derivatives include ciliated sensory receptors, which may themselves be neurons (olfactory), or dedicated receptors (otic, lateral line). There is, in fact, some evidence that similar cells, although not discrete groups of them, may form in ascidians and amphioxus.
Ascidian tadpoles have paired epidermal primary sensory neurons, thought to be mechanoreceptors, along their tails (Torrence and Cloney, 1982; Crowther and Whittaker, 1994) . These putative mechanoreceptors are derived from dorsal epidermal cells which have recently been shown to express a homologue of vertebrate Pax-3 and Pax-7 at the neurula stage (Wada et al., 1996) and to form in the ectoderm flanking the presumptive neural tube (ibid.). Further studies are needed in order to explore the question of the potential homology of these cells to vertebrate placode (or neural crest) cells, for example, whether these cells are induced in the epidermis by the neural tube, whether they express homologues of other placode-or neural crest-specific genes and studies on the ultrastructure and electrophysiology of the receptors (e.g. to see if they can be related to vertebrate otic or lateral line receptors).
Interestingly, salps (thaliacean tunicates) and the adult ascidian Ciona have grouped ciliary mechanoreceptors with gelatinous cupulae, strikingly similar (although not identical) to vertebrate otic and lateral line receptors, whose cilia are also embedded in gelatinous cupulae (Bone and Ryan, 1978) . The cupula protects the cilia and enhances signal transduction because several cilia can be bent at one time in response to disturbances in the surrounding water. Unlike vertebrate mechanoreceptors, which are dedicated receptors that require secondary innervation, the tunicate mechanoreceptors are primary sensory neurons that project directly to the central nervous system (Bone and Ryan, 1978) . It has even been suggested that the bilateral atrial primordia of the ascidian tadpole (spherical pockets in the epidermis of the body wall, located just rostral to the tip of the notochord) might represent the evolutionary precursors of the vertebrate otic placodes (Katz, 1983) ; after all, the cupular mechanoreceptors of the adult Ciona are found in the atrium (Bone and Ryan, 1978) .
Amphioxus also has ciliated epidermal mechanoreceptors, although without cupulae (Bone and Best, 1978; Baatrup, 1981) ; there is conflict in the literature as to whether these are primary sensory neurons (Baatrup, 1981) or are innervated by central neurons (Bone and Best, 1978) . Amphioxus also has what may be primary sensory neurons in the ectoderm on either side of the midline, associated with (and perhaps the source of) the dorsal nerves that enter the cerebral vesicle around the level of somite 1 (Lacalli, 1996) . Again, it is important to establish the embryonic origin of these cells.
Ascidian tadpoles have primary sensory neurons in the papillae of the adhesive organ, at the anterior end (Torrence and Cloney, 1983) . Their function is unknown. However, since the tadpole's role in life is to find a good attachment site so that it can metamorphose into a sessile filter-feeder, it is tempting to speculate that the adhesive organ sensory neurons are involved in testing out suitable sites, perhaps by chemoreception. Amphioxus also has rostrally-located primary sensory neurons (Bone and Best, 1978) . These are ciliated sensory receptors called the corpuscles of de Quatrefages, found in two clusters in the snout, one cluster connecting to the right rostral nerve, the other to the left (Lacalli, 1996) . Although they have been proposed to be mechanoreceptors (Baatrup, 1982) , one could speculate that they are olfactory receptors. This speculation can be tested by, most importantly, finding out whether these sensory neurons respond to chemical stimuli, by studying how and where they form and by looking at homologues of genes that are uniquely expressed in vertebrate olfactory placodes.
Looking for neural crest-and placode-like cells in chordate outgroups
Given the above information it seems at least plausible that both amphioxus and ascidians have some cell types that resemble those derived from placodes and neural crest cells. Amphioxus may have a neural crest cell-like population that forms at the neural plate border , even if this population does not form any characteristic vertebrate neural crest cell derivatives. Adult ascidians have neuroendocrine cells that may delaminate and migrate from the remnant of the larval neural tube (Mackie, 1995) , which may similarly contribute neurons to the adult ganglion (Bollner et al., 1993; Bollner et al., 1995; Bollner et al., 1997) . This means that the common ancestor of cephalochordates and vertebrates (see phylogeny in Fig. 1 ) may have had a neural crest cell-like population, while the common ancestor of the chordates may have had migratory cells originating from the neural tube. This makes it essential to examine chordate outgroups for neural crest-or placodelike cells.
The chordate outgroups are deuterostomes like echinoderms and hemichordates (Figs 1, and 6) . A comparison of shared deuterostome characters suggests that the ancestral adult deuterostome had three body regions, with the middle region (mesosome) bearing the mouth and ciliated extensions used in filter-feeding and a sub-epidermal nerve plexus concentrated into one or more longitudinal cordlike thickenings (Nielsen, 1995) . The adult was derived by metamorphosis from a plankton-feeding primary larva (see Davidson et al., 1995) with ciliary bands used in feeding and swimming, perhaps similar to modern echinoderm larvae (Nielsen, 1995) . This primary larva was lost by the chordates, which are direct developers (see Davidson et al., 1995) . There are two main hypotheses for how chordates evolved and these have direct bearing on where we might look for neural crest-like cells in chordate outgroups.
Hypothesis 1: larval ciliary bands
Garstang (1894), quoted in Lacalli et al. (1990) , Lacalli (1994) , suggested that the chordate nervous system evolved from the ciliary bands of the ancestral larva, through heterochrony, i.e. shifts in the rate of development of certain organs relative to others. The ancestral deuterostome larva was probably rather like a modern echinoderm larva (Fig.  5a) , with a neurogenic ciliary band around the mouth, dividing the ectoderm into oral (mouth-side, ventral) and aboral (side away from the mouth, dorsal) regions (see Lacalli et al., 1990 ). Garstang's idea was that the ciliary bands converged dorsally, rolling up the aboral ectoderm between them, to form the dorsal hollow nerve cord of the first chordate (Fig. 5b) . The neural tube and notochord could have evolved in tandem if the larva became modified for swimming by developing a post-anal tail (see Nielsen, 1995) . The filter-feeding pharynx would have been an adult character, making this putative chordate ancestor rather like an ascidian tunicate, which has a tadpole-like larva and a sessile, filter-feeding adult.
The neurogenic ciliary band of modern echinoderm larvae is a band of columnar epithelium that forms at the interface between oral (ventral) and aboral (dorsal) ectoderm (Cameron et al., 1993) . Cells of both oral and aboral lineages contribute to the ciliary band at the border between the oral and aboral ectoderm in a variable fashion that suggests cell-cell interaction rather than lineage determination (ibid.). Radialization of sea urchin embryos by nickel treatment, which expands the oral ectoderm at the expense of the aboral ectoderm, concomitantly shifts the ciliary band (Hardin et al., 1992) . In an interesting parallel, vertebrate neural crest cells and placodes form through an interaction between neural (dorsal) and non-neural (ventral) ectoderm, although an interaction with underlying mesoderm may also be important (reviewed by Baker and Bronner-Fraser, 1997); both ectoderm regions contribute to neural crest cells (Moury and Jacobson, 1990; Selleck and Bronner-Fraser, 1995; see Baker and Bronner-Fraser, 1997) .
A corollary of the idea that the ciliary bands are homologous to the neural folds is that oral-aboral differences across the ciliary band would be translated into dorso-ventral differences in the neural tube (Lacalli et al., 1990) . This is because the rolling-up of the bands on either side of the midline would put the oral (most lateral) edge dorsally, with the aboral (most medial) edge ventrally (see Fig. 5a ). The band contains ciliated neurons, possibly mechanoreceptors, at intervals along the oral margins of the band, thus correlating with the presence of sensory neurons in the dorsal neural tube (Burke, 1983; Lacalli et al., 1990) . In a study of ciliary band innervation, a single sensory neuron was found adjacent to the band in the oral epithelium (Lacalli et al., 1990) raising the possibility that it had moved out from the ciliary band and suggesting that these cells might be capable of migration. Indeed, the authors speculate that these might be evolutionary homologues of migratory neural crest cells (ibid.). In this regard, Ryberg (1977) described how, 'under the activating influence from secondary mesenchyme cells, some ectodermal cells of the main ciliated band begin to pulsate vigorously, break their contacts with the adjacent ectodermal cells, enter the blastocoel…and project pseudopods'. Thus, there is apparently some capacity for movement, however limited, in ciliary band neurons.
Hypothesis 2: direct-developing enteropneusts
Although attractive, the above scenario does not fit some recent conceptions of deuterostome phylogeny. Enteropneusts (acorn worms; Fig. 6 ), which are hemichordates, have U-shaped pharyngeal gill slits very like those of chordates and part of their subepidermal nerve plexus (in the mesosome) is rolled up into a dorsal hollow nerve cord. Also in the mesosome, ventral to (but not in contact with) the nerve cord, is a rod of vacuolated cells enclosed in a sheath, derived from and attached to the anterior gut, called the stomochord (see Fig. 6b ). Recent evidence suggests that the stomochord may be a homologue of the chordate notochord (Balser and Ruppert, 1990) , although its relationship to the notochord remains to be definitively demonstrated. All these chordate-like characters develop in the adult, during metamorphosis from a primary larva (Hadfield, 1975) . This means that if the enteropneust stomochord is homologous to the notochord, the idea that the ancestral chordate developed from a larval form has to be discarded. Instead, the ancestral chordate may have been something like a direct-developing enteropneust that developed a dorsal post-anal tail and learned to swim.
This model suggests that we might look for potential homologues of neural crest and placode cells in the region of the dorsal nerve cord (neurocord) of enteropneust worms. The dorsal hollow neurocord is found in the collar region (mesosome) as a local rolling-up of the basi-epidermal nerve plexus that extends throughout the body and along the anterior region of the gut (Bullock, 1945; Barrington, 1979) . The nerve plexus contains sensory receptor neurons, interneurons and some motor neurons. There are various longitudinal nerve cords in other regions of the animal, both dorsal and ventral, but they are all found within the epidermis. The neurocord, in contrast, separates from the overlying epidermis by a process very similar to secondary neurulation; a thickened columnar epithelium forms in the dorsal midline, segregates from the epidermis as a solid rod of cells and later develops a lumen (Bateson, 1884) . Apparently, there are no cell bodies within the neurocord; it is simply a collection of axons, some of which are giant axons thought to mediate rapid motor responses (Barrington, 1979) . In fact, none of the neuron cell bodies are found within the nerve plexus itself; they all lie within the epidermis, i.e. above the plexus (Barrington, 1979) . Given this type of nervous system, it would seem that the chordate nervous system evolved through the dorsal midline concentration and rolling-up of the ancestral epidermal nerve plexus, including its sensory, motor and interneuron cell bodies (see Northcutt and Gans, 1983; Gans, 1989) . Migratory neural cells have not been reported in this system. However, Bullock (1945) does describe 'many cells lining the coelom…which, by their large nuclei, ample cytoplasm, and long, attenuated cell processes, could well be ganglion cells'. However, he concludes that they cannot be identified as such with any certainty. Ascertaining the identity and origin of these cells would be an interesting area for future study. It is certainly worth looking for the expression of homologues of neural crest-and placode-specific genes in the enteropneust nerve plexus and particularly in the unidentified cells in the coelomic epithelium.
On the evolution of placodes
We have seen that ascidians and amphioxus may have ciliary receptors that could represent the evolutionary homologues of the ciliary receptors that today are derived from placodes. Although the ascidian receptors form in the ectoderm adjacent to the presumptive neural tube (Wada et al., 1996) , there do not seem to be discrete patches of thickened epithelium, i.e. placodes. However, it was thought that teleost fish lacked placodes because the placodal ectodermal thickening is so subtle in these animals (e.g. Landacre, 1910 , quoted in Collazo et al., 1994 and it is possible that the same may be true of cephalochordates and tunicates. Northcutt and Gans (1983) suggest that placodes evolved from patches of ciliary receptors. The rostral location of vertebrate placodes can be correlated with the idea that the first vertebrates were predators (see Gans and Northcutt, 1983; Northcutt and Gans, 1983) , since orientation towards potential prey would be facilitated by concentrating distance-sensing receptors, such as mechanoreceptors, on the head. Although ascidian tadpole mechanoreceptors are scattered along the tail, this may not have been true of the earliest vertebrates. In modern vertebrates, trunk lateral line organs form by caudal migration of placodes that initially form on the head.
Non-vertebrate ciliary receptors are all primary sensory neurons, like the olfactory placode-derived receptors in vertebrates. However, otic and lateral line receptors are dedicated receptors, innervated by second-order sensory neurons derived from the same placode. We need to know more about the lineage relationships of the different cell types within modern placodes before we can suggest plausible scenarios for how they may have evolved, since in the absence of data, virtually any transformation series can be proposed. We can postulate the following sequence of events for the evolution of dedicated receptors and second-order neurons from ancestral primary sensory neurons. We assume that the ancestral ciliary receptors were concentrated into patches on the head. This is still seen today in the olfactory system. Later, there was a subdivision of labor within the placode such that some cells formed specialized receptor cells that lacked central projections, while others formed the neurons that innervated them. This is still seen today in the otic, vestibular and lateral line systems. Finally, the receptors might have been lost from certain placodes, but the sensory neurons retained and co-opted for the innervation of non-placodal receptors. An example of this scenario may have occurred in the epibranchial placodederived innervation of taste buds derived from endoderm or non-neurogenic ectoderm (Barlow and Northcutt, 1995; Barlow and Northcutt, 1997; Stone et al., 1995) and the neural crest-derived chemoreceptive carotid body (see Le Douarin, 1982) . Placodes do form primary sensory neurons that innervate the skin (trigeminal neurons; Hamburger, 1961) and the internal organs (e.g. nodose neurons, which innervate the heart); perhaps this could represent a secondary specialization of second-order neurons.
Although it is easy to propose a transformation sequence as described above, its validity is wholly unknown because we know so little about the genetic mechanisms underlying the choices between different placodal lineages. This is an important area for further research.
On the evolution of the neural crest
The migratory AmphiDll-expressing epidermal population present in amphioxus might suggest that migratory cells were initially involved in neurulation. Although the mode of neurulation in amphioxus is apparently unique, it is possible that this was the ancestral deuterostome condition (see and that migratory roofing cells found in the common ancestor of cephalochordates and chordates became the neural crest cells of vertebrates. However, the enteropneust neurocord seems to form by a process resembling secondary neurulation (Bateson, 1884) , suggesting that secondary neurulation may, in fact, be the more primitive condition. The existence of peripheral neuroendocrine cells associated with the ascidian dorsal strand (Mackie, 1995; Powell et al., 1996) and potentially in the floor of the pharynx (Thorndyke and Probert, 1979 ) might suggest, in contrast, that migratory neuroendocrine cells were the evolutionary ancestors of both placodes and neural crest cells. In this context, it is important to establish the origin and function of the peripheral visceral neurons in amphioxus (Bone, 1958) .
Currently, little is known about how a migratory phenotype is induced in neurectodermal cells. Invertebrate systems with migratory neural cells, such as Hydra, Aplysia and the insect stomatogastric system, as well as amphioxus and vertebrates, may give us vital information concerning this process.
The evolution of non-neuronal neural crest cell types
We now consider evolution within the neural crest. Given the existence of a migratory neural crest cell population, how did all the different, non-neuronal cell types of the neural crest evolve? Reviews on the neural crest traditionally begin by emphasizing the wide variety of neural crest cell derivatives, from neurons to melanocytes to bone. The aim of this section is to convince the reader that it is at least plausible that all these very different cell types could have been derived from an ancestral population that was neuronal in nature.
Peripheral glia
Most cells in the nervous system are glial cells. Glia are obviously neural in origin; they may play a more active role in the nervous system than had previously been thought (see e.g. Newman and Zahs, 1997) . In both invertebrates and vertebrates, the same precursors can give rise to either neurons or glia according to a binary switch that can be triggered by extrinsic factors (Shah et al., 1994; Condron and Zinn, 1995; Hosoya et al., 1995; Jones et al., 1995; Vincent et al., 1996) . A survey of the phylogenetic occurrence of glia suggests that while glia are not essential for neuronal activity, they are generally found when neurons are aggregated into ganglia (Pentreath, 1986) . Hence, we would expect peripheral glia in chordates to occur together with peripheral ganglia and this indeed seems to be the case; only vertebrates have peripheral ganglia and only vertebrates seem to have peripheral glia (Bone, 1958; Mackie et al., 1974; see Fritzsch and Northcutt, 1993) . Bone (1958) describes nuclei along the dorsal nerves of the adult ascidian, but the exact origin of these cells remains unclear.
Neuroendocrine cells
Neural crest-derived chromaffin cells, which secrete adrenaline in response to stimulation by sympathetic neurons, share a common precursor with sympathetic neurons (reviewed by Anderson, 1993) and are clearly neuronal in origin. Indeed, they can be induced to form sympathetic neurons if removed from the influence of glucocorticoids (produced by the adrenal cortex) and treated with nerve growth factor (ibid.). Although mesodermally-derived glucocorticoid-producing adrenal (interrenal) cells are found in all vertebrates, jawless fish do not seem to have chromaffin cells (see Jones and Phillips, 1986) . Since jawless fish also lack peripheral sympathetic neurons (see Butler and Hodos, 1996) , it would appear that chromaffin cells evolved together with, or from, peripheral sympathetic neurons.
Neural crest-derived carotid body type I cells, which produce dopamine and are involved in sensing oxygen levels in the blood, ultrastructurally resemble axon-less neurons with a few dendrites (see Shepherd, 1988) . Neural crest-derived C-cells, which produce the calcium-regulating hormone calcitonin (Copp and Kline, 1986 ; reviewed by Deftos, 1986) , also seem to be neuron-related; calcitonin has been proposed to be a neurotransmitter (Deftos, 1986) and calcitonin immunoreactivity has been observed in the brains of both ascidians and amphioxus (MacIntyre and Craig, 1982, quoted in Copp and Kline, 1986) , as well as in the previously-mentioned group of cells in the floor of the ascidian pharynx (Thorndyke and Probert, 1979) .
Thus, neural crest-derived neuroendocrine cells also seem to be evolutionarily related to and possibly derived from neurons.
Epidermal melanocytes
Melanin is not a vertebrate-specific pigment; squid ink is essentially a suspension of pure melanin (see Hanlon and Messenger, 1996) . However, vertebrate melanin-containing cells are all derived from neuroectoderm; this includes the brain-derived retinal pigment epithelium and melanin-containing cells in the pineal gland (Ralph, 1983; Tief et al., 1996) , as well as epidermal melanocytes. Vertebrate neural crest-derived melanocytes are highly dendritic cells that rather resemble neurons (for a review see Le Douarin, 1982) and it is likely that melanocytes are evolutionarily descended from melanin-producing neurons or glia. Melanocytes have been proposed to share a lineage with Schwann cells (see Sherman et al., 1993) . Melanin and catecholamine neurotransmitters (dopamine, adrenaline, noradrenaline) are all synthesized from phenylalanine via tyrosine and dihydroxyphenylalanine (DOPA). Although the enzymatic pathways are different (tyrosinase for melanin synthesis and tyrosine hydroxylase for catecholamine synthesis), the neuronal parallels are intriguing. In addition to its presence in pigment cells and their precursors, tyrosinase is found in other neuronal populations within the neural tube (Tief et al., 1996) .
Another potential link with neural cells is provided by melanocyte function in the mammalian inner ear. Neural crest-derived melanocytes in the stria vascularis of the cochlear duct are required for the generation of the endocochlear potential, a high resting potential in the endolymph that is essential for normal hair cell function (Steel and Barkway, 1989; reviewed by Steel, 1993) . It has been speculated that strial melanocytes pump potassium ions into the intrastrial space (Schulte and Steel, 1994) , whence they are recycled into the endolymph by other strial cells. However, the association of melanocytes with ion transport in the inner ear does not seem to be a vertebrate-wide phenomenon, as neural crest-derived cells are not found in the iontransporting epithelium (the tegmentum vasculosum) of the avian inner ear (Cotanche et al., 1987) .
Why should neurons produce melanin? It is thought to function primarily as a scavenger of harmful substances; it can absorb photons, electrons, free radicals and active oxygen species (reviewed by Hill, 1992; Larsson, 1993) . It may act as a chemical filter for sensitive cells, such as retinal photoreceptors; nutrients are filtered through choroidal (neural crest-derived) melanocytes and the retinal pigment epithelium before reaching the photoreceptor cells (see Larsson, 1993) . Perhaps the melanin-containing cells found in tunicate and amphioxus light-sensing organs similarly act to protect the photoreceptive cells. Neuromelanin, which is derived from dopamine rather than DOPA, has so far been found only in vertebrate neurons. It chelates heavy metals, has powerful anti-oxidant properties and may also protect the cell from toxic quinones, which are easily derived from catecholamines (reviewed by Smythies, 1996) .
Once melanin-containing cells had evolved, they presumably became useful for such things as display and camouflage (Hill, 1992) , perhaps explaining why melanocytes moved out of the central nervous system. Dermal melanocytes of fish and amphibia are also themselves light-sensitive, responding to changes in light intensity with changes in the extent of pigment aggregation that aid in camouflage and social communication (see Weber, 1983; Muske and Fernald, 1987; Ramachandran et al., 1996) .
Smooth muscle cells
Neural crest cells do not form striated muscle. Neural crest-derived smooth muscles are found in the pharyngeal arteries (Newth, 1956; Le Lièvre and Le Douarin, 1975 ) and the smooth feather arrector muscles in the face and neck of birds are neural crest-derived (Le Lièvre and Le Douarin, 1975) . Like neurons, smooth muscles are very sensitive to neuropeptides and, obviously, they are excitable (Shepherd, 1988) . A rat neural crest stem cell that forms neurons and glia also forms smooth muscle cells (Shah et al., 1996) . A neuronal evolutionary origin for neural crest-derived smooth muscle seems plausible; indeed, Gans (1989) has suggested that neural crest-derived smooth muscle cells evolved from peripheral autonomic neurons originally supplying the aortic endothelium.
Extracellular matrix-secreting cells
In the head, neural crest cells form various collagen-producing connective tissue-type cells, including fibroblastic connective cells of the cornea, pharyngeal arteries, striated jaw and eye muscles and glands. They also produce the dermis of the face and neck and cartilage, bone and dentine (see Le Douarin, 1982) , all collagen-based extracellular matrices.
Explaining the evolutionary origin of such connective tissue cells from an ancestral neuronal/glial population might at first sight seem very difficult. However, many of the extracellular matrix proteins characteristic of these 'mesodermal' cell types have recently been found in the central nervous system. For example, the major components of cartilage, type II collagen and the proteoglycan aggrecan, are found in the brain and spinal cord during development (Cheah et al., 1991; Asher et al., 1995) . Obviously, we still have to account for their production outside the central nervous system by neural crest cells, but it is clear that a neuronal/glial origin for these connective tissue type cells is not implausible. Some of the hypotheses to account for the initial formation of cartilage, bone and dentine are outlined below.
Cartilage
Pharyngeal cartilage was probably the first skeletal derivative of the neural crest Northcutt and Gans, 1983) . Cartilage is elastic because it contains type II collagen and soft because of its high proteoglycan content (mostly aggrecan). Similar proteoglycans to those found in cartilage are present in the gelatinous cupula of lateral line organs (Iwai, 1967, quoted in Northcutt and and this is the basis for the hypothesis that cartilage was initially deposited on the pharynx in order to enhance signal transduction by mechanoreceptors . Pharyngeal mechanoreceptors might initially have monitored mechanical deformation of the pharynx; secretion of a cartilaginous matrix to aid in signal transduction would have been a proto-adaptation for elastic recoil, which could subsequently aid in respiration and/or feeding.
A problem with this hypothesis is that neural crest cells today only make a very minor contribution to lateral line neuromasts (Collazo et al., 1994) and placode cells do not produce cartilage. We must also bear in mind that cartilage, like bone and dentine (see below), is only produced by neural crest cells in response to an induction from adjacent epithelium (see Hall, 1987) . Hopefully, determining the function of cartilage matrix proteins in the brain (Cheah et al., 1991; Asher et al., 1995) will help us to determine why such proteins might initially have been secreted peripherally.
Dentine and bone
Dentine and bone are both specialized extracellular matrices containing type I collagen and proteoglycans that are mineralized by deposition of calcium phosphate as hydroxyapatite. The neural crest-derived bone discussed here is dermal bone (membrane bone), which forms directly from dermis without a cartilaginous precursor. Dentine is obviously best-known today as the main structural component of teeth, but dentine, bone and enamel-like substances appear together in fossil jawless vertebrates as components of a dermal exoskeleton (see Schaeffer, 1977; Smith and Hall, 1990; Smith and Hall, 1993; Forey and Janvier, 1993) . Dentine and bone occur together even in some of the earliest jawless vertebrate fossils (Smith, 1991) . However, the Late Cambrian fossil fish Anatolepsis seems to have had dentine without bone or enamel , while a vertebrate that existed at the same time or slightly later than Anatolepsis lacked both, its armour instead being composed of sheets of an enamel-like substance (Young et al., 1996) . Although modern tetrapod enamel is produced by ectodermally-derived ameloblasts in response to signals from underlying neural crest cells (odontoblasts), the enameloid matrix of some fish teeth is synthesized by the odontoblasts themselves, with a protein contribution from the ectoderm (Shellis and Miles, 1974 ). Thus, it remains possible that the enamel-like exoskeleton of these earliest vertebrates was neural crest-derived, or at least of dual neural crest and ectodermal origin (see Smith and Hall, 1990) . Presumably, our understanding of tooth morphogenesis (Thesleff and Nieminen, 1996 ; reviewed by will help our understanding of these ancient dermal skeletons.
Given that the early vertebrates had neural crest-derived dermal armour, how did these derivatives evolve from an initially neuronal population? One hypothesis, put forward by Northcutt and Gans (1983) , is that dermal armour initially evolved to shield electro-receptors which were present in the earliest vertebrates (Bodznick and Northcutt, 1981) . All dermal armour, including enamel-like armour (Young et al., 1996) , contains pore canals and chambers highly reminiscent of the size and placement of electro-receptive or lateral line organs in extant forms (Schaeffer, 1977) . This hypothesis has been extensively discussed elsewhere Gans and Northcutt, 1983; Smith and Hall, 1990; Smith and Hall, 1993) . Neural crest cells do associate with lateral line organs in extant fish (Lamers et al., 1981; Collazo et al., 1994; Smith et al., 1994) and lateral line-associated bones may be induced by lateral line organs (Schaeffer, 1977) .
An alternative hypothesis for the evolution of dentine also proposes that it was involved in sensory perception, in this case directly (Tarlo, 1965, quoted in Lumsden and Cronshaw, 1979; Lumsden, 1987) . Dentine is sensitive to tactile, temperature and osmotic changes. Dentine sensitivity is not explained by sensory innervation since only a small proportion of dentine tubules are innervated and the innervating axons never extend to the enamel-dentine junction (Lumsden and Cronshaw, 1979; Holland, 1985 ; see also Sasaki and Garant, 1996) . However, the odontoblast itself, which sits at the edge of the dentine, extends a process into the dentine; it is possible that the process is stimulated by extracellular fluid within the tubules (Lumsden and Cronshaw, 1979; Holland, 1985) and that this is passed on to nerve terminals near the odontoblast cell body. Hence, it is proposed that odontoblasts were originally sensory receptors, monitoring temperature and chemical changes in the surrounding water, their sensory processes protected by secretion of an originally collagenous and proteinaceous matrix that was subsequently mineralized (see also Slavkin and Diekwisch, 1996) . Since dentine is not always associated with an overlying insensitive enamel layer in early skeletons (e.g. Anatolepsis; Smith et al., 1996) , this scenario seems plausible. As for cartilage, however, since dentine and bone are produced only after an interaction with overlying epithelium, this interaction should really be accounted for in hypotheses of origin.
General conclusion and outlook
Amphioxus has a migratory ectodermal population that forms at the border of the neural plate , suggesting that it may be related to vertebrate neural crest cells. It is also possible that evolutionary precursors of neural crest and placode cell types are present in ascidians as well as amphioxus, particularly given the existence of peripheral neuroendocrine cells that may be derived from the dorsal strand (Mackie, 1995; Powell et al., 1996) . The continued isolation of ascidian and amphioxus homologues of vertebrate genes involved in the formation and development of neural crest and placodes will certainly aid us in testing these hypotheses, particularly as it is now possible to test ascidian gene function by RNA over-expression (Yoshida et al., 1996) and to incorporate exogenous DNA using electroporation (Corbo et al., 1997b) . This molecular approach must also be combined with cell biological and developmental approaches to ascertain precisely how these cells form, what their function is and how similar they really are to vertebrate neural crest and placode populations. Studying the formation of the enteropneust neurocord using modern methods may give insights into the evolution of the chordate nervous system and thus, potentially, of the neural crest and placodes. In addition, as we learn more about how smooth muscle, chondrocytes and melanocytes are generated from pluripotent neural crest precursors, perhaps we will begin to understand more clearly how these very different cell types could have evolved from an ancestral neuronal population.
